Since 2012, the guidelines recommended against routine prostate-specific antigen (PSA) screening for prostate cancer. However, evidence for screening benefit from Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial and European Randomized Study of Screening for Prostate Cancer (ERSPC) was inconsistent, partly due to differences in noncompliance and contamination. Using system dynamics (SD) modeling, we replicated PLCO trial and extrapolated follow-up to 20 years. We then simulated three scenarios correcting for contamination in PLCO control arm using SEER incidence and survival data prior to PSAscreening era (scenario 1), during PLCO trial-period (scenario 2), and using ERSPC control arm data (scenario 3). In all scenarios noncompliance was corrected using incidence and survival rates of screen-detected men in PLCO screening arm. Both scenarios 1 and 3 showed PSA screening benefit with relative risks of 0.62 (95% CI 0.53, 0.72) and 0.70 (0.59, 0.83) for cancerspecific mortality at 20-year follow-up, respectively. In scenario 2, however, there was no benefit of screening, similar to PLCO published results. This simulation showed that after correcting for noncompliance and contamination, there is potential benefit of PSA screening in reducing prostate cancer mortality. It also demonstrates the utility of SD for synthesizing epidemiologic evidence to inform public policy.
attempted to extrapolate findings to longer follow-up periods (e.g., 20 years) where one expects to observe the largest benefit of screening for slow-progressing tumors like PrCa, which has excellent 5-and 10-year survival rates (18) .
System dynamics (SD) modeling is a novel simulation method that can be used to explore different scenarios that could explain differences in results between PLCO and ERSPC trials. SD is a robust, deterministic mathematical modeling approach that has been used primarily to evaluate the potential impact of public health programs and policies across various health disciplines (19) (20) (21) (22) (23) (24) (25) (26) (27) . In epidemiology, SD can explore hypothesized causal mechanisms and dynamic relationships in health systems (28) by using differential equations to simulate the transition of people over time between different states (e.g., healthy to diseased). SD modeling also offers an opportunity to conduct virtual experiments through simulation of intervention trials to explore alternative scenarios that would not otherwise be practical or ethical in the real world.
SD modeling is particularly a useful simulation tool in epidemiological studies due to its "top-down" or macro-simulation approach, which emphasizes model parameterization at the aggregate level (21, 22, 29) . As such, SD is well-equipped to synthesize common forms of epidemiologic data as reported in the research literature (i.e., group average risks and rates). This paper describes a SD model to replicate the PLCO trial and test alternative outcomes based on three different simulated scenarios, while correcting for weaknesses and inconsistencies in trial implementation.
METHODS
Procedures for SD model-building and validation are organized around the purpose of the model, the quality of available evidence and published data to inform its purpose, as well as deliberation about key assumptions regarding model parameterization and calibration (21, 30) .
The aim of this SD model was to replicate the PLCO screening trial with specific corrections for contamination and non-compliance, to assess whether benefits of PSA screening on PrCaspecific mortality would be revealed.
Stock-and-flow diagram
Using SD, we first replicated PLCO study design and outcomes through 13-year followup using published data. The results of PLCO and ERSPC trials have been previously described (4) (5) (6) (7) (8) , and are summarized in Table 1 . Our stock-and-flow diagram shows two stocks initially parameterized to the total number of men randomized into the screening and control (usual care) arm of the PLCO trial. The model structure represents how subjects were followed from study entry through PrCa incidence until death (either PrCa-specific or other causes of death) or end of follow-up, with PrCa-specific mortality being the primary outcome of interest. This allowed our simulation results to replicate reported incidence and mortality data by person-years of follow-up in PLCO (4, 5) . Other stocks represent accumulation of incident PrCa and PrCa deaths at any given time. We stratified incident cases by tumor stage, using categories from the Surveillance, Epidemiology and End Results (SEER) program: localized (stages I and II), regional (III), distant (IV), or unstaged tumors (18) . The flows represent incidence and mortality rates per person-year of follow-up and were used to compute the number of subjects transitioning between stocks at annual intervals. Table 2 describes assumptions and parameters for all scenarios. Data for simulations of these scenarios were drawn from several sources: 1) reported PLCO and ERSPC trial data: 2) PrCa incidence and stage-specific survival rates taken from the SEER data prior to the PSA screening era (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) and during the PLCO trial period (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) , and 3) the US mortality data taken from the Morbidity and Mortality Weekly Reports. We calibrated the model using an iterative process of testing several parameter values (taken from published trial data) and then compared observed trial data to simulated behavior of the model (21, 31) . We then compared the base case replication with the results of three simulated scenarios correcting for non-compliance and contamination:
Data sources and simulated scenarios
Base case scenario (PLCO trial replication). The base case scenario replicated PLCO trial data through 13 years, and then extrapolated results to 20 years of follow-up. In this scenario, annualized PrCa incidence rates were computed by dividing cumulative incidence with person-years of follow-up, and weighted by cancer stage distribution reported in PLCO trial (4, 5) . Mortality was computed in two ways. First, we calculated annual mortality rates by dividing cumulative deaths by person-years of follow-up stratified by cancer stage in PLCO.
Alternatively, we estimated cancer-specific mortality using stage-specific PrCa survival rates from SEER data during the study period. Although the PLCO trial reported a healthy volunteer effect (32) , interestingly both methods yielded comparable results, and thus we report results using directly calculated annualized mortality rates. We compared simulated annual prostate cancer incident cases and deaths to the observed data reported by Andriole et al. (5) .
Simulated scenarios. The PLCO trial reported 85% compliance with PSA testing in the screening arm, and 40-52% contamination (i.e., receipt of PSA screening) in the control arm (4).
Thus, we simulated three scenarios to correct for noncompliance and contamination. In all three scenarios, we corrected for noncompliance by using PrCa incidence and stage-specific survival rates of screen-detected men in PLCO screening arm (10) ( Table 2 ). In scenario 1, we simulated PrCa incidence and stage-specific survival using SEER data prior to the PSA screening era (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (4, 18) . In scenario 2, we used SEER data for calendar period 1993-2001, corresponding to the enrollment period into PLCO trial (18) . In scenario 3, we corrected for contamination in PLCO control arm using data from the ERSPC trial control arm, which reported lower contamination (6-12% in various countries) (7, 33) . To parameterize SD model, we estimated annualized PrCa incidence and mortality in ERSPC control arm from pooled data (7, 8) and adjusted stage distribution, incidence and mortality such that the corrected PLCO control arm in simulated scenario 3 would reflect what would have been observed had it been similar to that in ERSPC control arm.
All three scenarios were parameterized by estimating PrCa incidence and mortality in men who actually undertook screening compared to those who did not. To account for earlier detection and longer pseudo-survival caused by screening, we accounted for lead-time bias in survival for localized, regional and unstaged PrCa, whereas for distant PrCa we simulated no lead-time as these cases were most likely diagnosed due to symptoms (4, 5) . Lead time bias in our SD model was derived from Telesca and colleagues (12) , who estimated lead times of 4.59 and 6.78 years for whites and blacks, respectively. We used the race distribution in the PLCO trial (85% non-Hispanic white, 15% non-Hispanic black or other) (4) and above data to yield an overall lead time of 4.92 years. In scenario 1, where survival time was estimated using pre-PSA screening era SEER survival data, we added the lead time to the corrected screening arm; while in scenario 2, where survival time was estimated with SEER data during the period when PSA screening was available in the general population, we subtracted lead time from the corrected control arm.
Lastly, we used all-cause mortality rates to account for other causes of death (non PrCaspecific) observed in the PLCO trial. Data on age-specific all-cause mortality were obtained from the US Morbidity and Mortality Weekly Reports (34) , and were weighted by age distribution of the PLCO cohort at entry and accounted for aging of cohort during follow-up. We simulated 8% loss to follow-up at 10 years in SD model for PLCO participants, as reported in literature (5) . The model simulated cumulative PrCa incidence, PrCa-specific deaths as well as RR and risk difference (RD) with 95% confidence intervals (CI) for PrCa mortality in screened vs. unscreened (control) arms of the study cohort at 10, 13 and 20 years after enrollment.
External validation of SD model:
To validate our SD model, we used published results from the Rotterdam component (9) of the ERSPC trial to assess the concordance between the observed and simulated data in an independent dataset. The Rotterdam was one of the initial enrollment sites of ERSPC trial, and thus had longer follow-up and more complete data. Using the same procedure as described for the base case scenario, we calculated interval-specific incidence and mortality rates (for every 4 years ) using published results from Roobol et al. (9) We estimated incidence in the screening arm for the first 4-year interval using cases occurring in the first interval plus those in the first screening round divided by the number of persons at-risk in the beginning of the period. The incidence in the control arm was estimated using 4-year interval incident cases only. Observed cancer-stage distributions were applied to the total incidence rates to obtain stage-stratified incidence within each interval. Prostate cancer-specific and other mortality rates for each 4-year interval were calculated in the same way.
All model building and analysis was conducted using Vensim® software (Ventana Systems, Harvard, MA).
RESULTS
The base case replication model successfully reproduced overall outcomes of the PLCO trial and the trajectories of PrCa incidence and mortality in both screening and control arms ( Figure 2A and 3A) . At 13 years, the SD model simulated a total of 4,447 and 3,915 cumulative incident PrCa in the screening and controls arms, respectively (Table 3 ). These numbers represent a 5% and 3% increase in PrCa diagnosis in each arm of the trial in comparison to the observed 4,250 and 3,815 incident cases, respectively (5) . Our model simulated 134 and 133 cumulative PrCa-specific deaths in the screening and control arm at 13 years, respectively, which were slightly lower than those reported in PLCO trial (Table 3, Figure 3A ). This yielded a RR of 1.00 (95%CI 0.79, 1.27) for PrCa-specific mortality associated with PSA screening at 13-year follow-up in our model (Table 3 ). When the results of the base case scenario were extrapolated to 20 years, there was still no benefit of PSA screening for PrCa-specific mortality (RR=0.95; 95%CI 0.79, 1.14).
Scenario 1, which corrected for contamination using SEER PrCa incidence and mortality data before PSA screening, yielded a total of 5,706 and 1,522 PrCa incident cases, and 145 and 224 PrCa-specific deaths in the screening and control arms, respectively, at 13 years follow-up ( Figures 2B and 3B) . This corresponded to a significant 36% decrease in PrCa-specific mortality associated with PSA screening (95%CI 0.52, 0.79; Table 3 In scenario 2, correcting for contamination using SEER data from the same time period of PLCO enrollment yielded 126 and 125 deaths in the screening and control arm at year 13, respectively ( Figure 3C ). Results yielded no benefit of screening at 13 years (RR=1.01; 95%CI 0.79, 1.30), which remained virtually unchanged at 20 years of follow-up (Table 3 ).
In scenario 3, which corrected for contamination in the PLCO control arm using ERSPC trial data, simulated results yielded 2,532 incident PrCa and 158 PrCa-specific deaths in the PLCO control arm at 13 years follow-up ( Figure 2D and 3D ). There was a RR=0.80 (95%CI 0.63, 1.01) of PrCa-specific mortality associated with PSA screening at 13 years in this scenario ( Table 3 ). The reduction in PrCa-specific mortality was maintained through 20 years of followup (RR=0.70, 95% CI 0.59, 0.83). However, the corresponding attributable benefit of PSA screening for this scenario at 20-year follow-up was -2.40 men per 1000 screened (95%CI -3.57, Finally, we simulated cumulative PrCa incidence and deaths stratified by tumor stage for all the above scenarios (see Supplementary Table S1 ). As reported by PLCO trial, the majority of incident PrCa were local, but with lack of screening (simulated in scenarios 1 and 3) the number of regional and distant stage PrCa increased. In relation to PrCa deaths the highest numbers of cumulative deaths were observed among distant stage tumors, and as expected, these numbers increased in scenarios with low or no screening.
Model Validation
Consistent with standard SD methodology, validation involved an iterative process that examined both model structure and behavior (30, 35) . We conducted the following tests: Supplementary   Figure 1 ). As observed, the simulated results replicated the observed trial data closely, but underestimated both incidence and mortality partly due to lack of available published data on person-years at risk, which necessitated using average risks to approximate the rates;
(d) Parameter sensitivity: We selected specific parameters, which defined the three scenarios that corrected for non-compliance and contamination ( Table 3 , Figures 2 and 3 ). Comparison of three simulated scenarios to base-case scenario constituted basic sensitivity testing of our SD model. We also carried out other sensitivity tests by varying all-cause mortality, lead-time bias, and moving average window for both incidence and mortality:
(i) All-cause mortality: We accounted for aging of the PLCO cohort over time, which yielded proportional changes in PrCa incidence and mortality but no qualitative changes in behavior, since all-cause mortality removed men from the undiagnosed and diagnosed pools. (iii) Moving averages: In all scenarios, we used a 3-year moving average for the first and last three-year data to smooth out random variation where estimates are subject to greater error due to small number of events. We tested a range of moving averages from two to five years, and observed no significant impact on results for both incidence and mortality curves.
DISCUSSION
System dynamics modeling belongs to the rapidly evolving domain of system science research (36, 37) , which has been used to examine a variety of public health issues and policies, including infection disease transmission and control (20, (38) (39) (40) (41) (42) (43) (44) (45) (46) , chronic disease management (29, (47) (48) (49) , partner violence (50) and tobacco control (51, 52) . As such, SD modeling could be informative in evaluating the recent USPSTF recommendation guideline against use of PSA screening for PrCa (3, 16 ).
Our SD model replicated the PLCO trial, showing no benefit of PSA screening on PrCaspecific mortality at 13 years of follow-up, similar to published PLCO results (4, 5) . Extending the follow-up to 20 years in the PLCO trial did not reveal any further screening benefits. In contrast, the three simulated scenarios showed different results. Scenario 1, which corrected for contamination in the PLCO control arm to simulate a 'pristine' unscreened population, yielded the highest benefit of PSA screening. There were statistically significant 35%-38% reductions in PrCa-specific mortality observed from 10 to 20 years of follow-up. In scenario 2, however, correcting for contamination using SEER PrCa incidence and mortality data from the same time period of PLCO trial enrollment did not show any benefit of PSA screening on PrCa-specific mortality. These results were not that surprising as between 1993 and 2001, where enrollment in the PLCO trial was ongoing, PSA screening was underway in the general US population (18, 53) .
Finally, correcting for contamination in PLCO using ERSPC data (scenario 3), provided statistically significant 20% and 30% benefits of PSA screening on PrCa-specific mortality at 13 and 20 years, respectively. Although the ERSPC trial included several centers with different screening protocols and randomization issues, the aggregated published data from this trial reported an overall 21% benefit of PSA screening, even with extended follow-up (7, 8) , which was also seen in our simulated scenario. It should be noted, however, that the risk differences for both scenarios 1 and 3 were relatively low, with risk reductions of 2.4 to 4.0 PrCa deaths per 1,000 men (equivalent to 250 to 417 men invited to screen to prevent one death from PrCa).
Results of our scenarios 1 and 3 were also similar to other published simulation studies (11, 17, 54) . For example, Gulati et al. (11) used a natural history of PrCa model from the Cancer Intervention and Surveillance Modeling Network to simulate a virtual PLCO trial, correcting for contamination and non-compliance. They reported that contamination rates in the screening arm of the PLCO trial attenuated the mortality benefit of PSA screening up to 28% at 10 years, which is consistent with our simulated results assuming an unscreened population. Their paper (11) also suggested that the power of the PLCO trial to detect a mortality difference was reduced, and that contamination might explain the null findings of PLCO trial.
Nevertheless, the overall estimate of mortality benefit of PSA screening gleaned from the available clinical trials does not account for the variability in aggressive clinical phenotypes of PrCa. Cooperberg et al. (55) suggested that PSA screening, if used effectively with active surveillance, could minimize the harms of overtreating low-risk PrCa patients whose cancer would not have been diagnosed in the absence of screening. We simulated stage-specific incidence and mortality of PrCa in our model, and although there were small variations in simulated outcomes for different scenarios, we did not find major differences of PrCa-specific mortality by tumor stage. We attribute this to low observed number of deaths for regional and distant stage tumors in the trial.
The benefits of screening for high-risk men (i.e., men with a family history of PrCa or men of African descent) warrants further research, since both trials did not report on the benefit of screening among these high-risk groups. We note that only one study reported a 40% risk reduction in PrCa specific mortality in men with advanced PrCa, due to PSA screening (54) . It is still unclear if screening may be beneficial for these high-risk patients. Our SD model used currently published data in PLCO and ERSPC trials that did not report on the benefits of screening for black men or those with a family history of PrCa. Should such data be made available, our SD model could be used to simulate effects by these high-risk subgroups.
However, in order to better inform individual patient decision-making and health policy decisions the overall evidence should balance the small benefit of PSA screening on PrCamortality observed in only one trial (ERSPC) with overall harms of overdiagnosis and overtreatment at the population level; issues that were considered by the USPSTF (3), and were also recently reviewed in a meta-analysis of screening trials (56) .
In this study we demonstrate an application of SD modeling as a new tool in epidemiology to simulate the dynamics of social, biological and health systems (57) . Strengths of our SD model include the capacity to estimate the benefit of PSA screening up to 20 years of follow-up, accounting for tumor stage distribution, and to correct for contamination using a virtual unscreened population and the experience of the control arm of the European trial.
Limitations include the use of the SEER data to estimate survival in the PLCO trial: -a healthy volunteer cohort (32) , which might not be representative of the general US population. Our SD model was limited by lack of access to additional data from the trials on death rates by race/ethnicity, family history of PrCa and tumor grade (i.e., Gleason score). Another limitation is that we used the aggregate data for the ERSPC trial, although there were country-specific differences in both screening interval, as well as contamination and compliance rates. Finally, the model did not incorporate other elaborate dynamic structures that could affect PrCa specific mortality, such as preclinical state, competing risks and effects of various PrCa treatments, as well as other potential genetic, behavioral, and social determinants of health.
In summary, our SD model demonstrates that, after correcting for non-compliance and contamination using a truly unscreened population, PSA screening is associated with a reduction in PrCa-specific mortality. This study further demonstrates the utility of SD for synthesizing multiple sources of epidemiological data to inform public health policy. 
